1. The total yield of fatty acids from the whole envelopes was markedly higher than that obtained from the ordinary cell walls. In both samples the major fatty acids were C16 and C18 acids. 2. The whole envelopes contained 18 acids and longchain (C19-C26) fatty acids, in a higher proportion than did the ordinary cell walls.
1. The total yield of fatty acids from the whole envelopes was markedly higher than that obtained from the ordinary cell walls. In both samples the major fatty acids were C16 and C18 acids. 2. The whole envelopes contained 18 acids and longchain (C19-C26) fatty acids, in a higher proportion than did the ordinary cell walls.
Fifteen fatty acids with more than 18 carbon atoms were identified, among which 2-hydroxy-C26:0 and C26:0 acids predominated. 3. A complex sphingolipid containing inositol, phosphorus and mannose was isolated from the whole cell envelopes. The main fatty acids of this lipid were 2-hydroxy-C26:0 and C26:0 acids.
It was concluded that this sphingolipid is present both in the ordinary cell wall and in the plasma membrane of baker's yeast. 4. The neutral lipids amounted to over 50% and the glycerophosphatides to about 30% of the total fatty acid content of the whole envelope. The major fatty acids in these lipids were C16:1, C18:1 and C16:0 acids. The proportion of fatty acids with more than 18 carbon atoms was lowest in the neutral lipids, whereas the neutral glycolipids contained the highest percentage of these fatty acids. Acidic glycolipids amounted to 14% of the total fatty acid content of the whole envelope. The presence of a cerebroside sulphate in this lipid fraction was demonstrated, whereas the high content of 2-hydroxy-C26:0 acid found is caused by the complex inositol-and mannose-containing sphingolipid.
Studies were done to investigate the occurrence of fatty acids with more than 18 carbon atoms and glycolipids in the isolated cell envelope fractions of baker's yeast (Saccharomyces cerevisiae). We have shown (Suomalainen, Nurminen & Oura, 1967a,b; Nurminen, Oura & Suomalainen, 1968 , 1970 that, besides the ordinary cell wall, carefully isolated cell envelopes of baker's yeast contain fragments of plasma membrane. In addition to neutral lipids, including free and esterified sterols, the cell envelopes contain glycerophosphatides. The principal fatty acids found in the cell envelopes were C16:1 and C18:1, whereas the main glycerophosphatide components were phosphatidylcholine, phosphatidylinositol, phosphatidylserine and phosphatidylethanolamine (Suomalainen & Nurminen, 1969 , 1970 . The glycerophosphatides and sterols found in the whole envelope are not incorporated in the true cell wall but are constituents of the plasma membrane. This view is supported, for instance , by the fact that during repeated washings of the isolated cell envelopes, these lipid components are removed from the preparation in a form not sedimentable by lowspeed centrifugation, as is also the Mg2+-dependent adenosine triphosphatase, a marker enzyme connected with the plasma membrane. The major lipid components of the ordinary cell wall seem to be mono-, di-and tri-glycerides, and these lipids are also present in the plasma membrane (T. Nurminen, K. Konttinen & H. Suomalainen, unpublished work) . However, the nature of a significant proportion of the lipids in the cell wall and in the plasina membrane is not yet known. Therefore the studies were extended to include the fatty acids with more than 18 carbon atoms and glycolipids present in these preparations. Fatty acids with 20-26 carbon atoms occur in the sphingolipids of myelin and other membranes, and, further, our preparations of plasma membranes of yeast have been found to contain an appreciable amount of carbohydrates (Suomalainen et al. 1967a,b; . By comparing the results obtained with these preparations, it is possible to obtain information about the lipid composition of the plasma membrane and of the ordinary cell wall.
Extraction of total fatty acids. To obtain a maximum yield of fatty acids, we first extracted the lipids with 20 vol. of chloroform-methanol (2:1, v/v) by shaking with 2 mm beads overnight at room temperature. After filtration, the extract was washed with 0.1 m-NaCl by the method of Folch, Lees & Sloane-Stanley (1957) . The chloroform phase was evaporated and the lipid was refluxed for 3h with 0.5M-KOH in methanol. The unsaponified material was removed by extraction with light petroleum (b.p. 40-60°C), the solution was made acid (pH2) with 1 M-H2SO4 and the fatty acids liberated were extracted with light petroleum (b.p. 40-60TC). The unsaponified material was further extracted by refluxing for 2 h with methanolic 1 m-HCI, and the methyl esters of the fatty acids obtained were purified by resaponification as described above. The fatty acid extracts were dried with anhydrous Na2SO4, concentrated by evaporation and then esterified. The combined results for the fatty acids thus obtained are given in Table 1 (neutral extract, I). The residue from the neutral extract was further extracted by refluxing for 2h with 1 M-HCl in methanol (cf. Kates, 1964) . Water was added to the suspension, and after filtration the methyl esters of the fatty acids were extracted with light petroleum (b.p. 40-60°C). After evaporation, the methyl esters of fatty acids were purified by saponification, the non-saponifiable material was removed, and the fatty acids were re-esterified as described above (Table 1; (60-80 mesh) , 10% diethylene glycol succinate on Chromosorb W AW (80-100 mesh) and 2% SE-52 on Gas Chrom Q (100-120 mesh).
To obtain the fatty acid methyl esters, the lipid fractions were methanolysed (anhydrous methanolic 0.5 M-HCI, 24 h, 750C, or under the conditions described below in the text) and the resulting methyl esters were extracted with hexane or light petroleum (b.p. 50-60°C). The fatty acids were also esterified with diazomethane (de Boer & Backer, 1954) . The normal and hydroxy fatty acid methyl esters were separated by t.l.c. (Nikkari, 1965) or on a Unisil column, from which the normal non-hydroxy fatty acid methyl esters were eluted with hexane-benzene (5:1, v/v) and the hydroxy fatty acid methyl esters with benzene.
The normal fatty acid methyl esters with 10-19 carbon atoms were analysed by g.l.c. on a 10% Carbowax 20 M column with a temperature programme of 4°C/min from 160 to 210°C. Both normal and hydroxy fatty acid methyl esters were analysed on a 10% diethylene glycol succinate column isothermally at 200°C, and on a 5% SE-30 column in the range 200-250'C, and on a 2% SE-52 column with temperature programmes 4°C/min from 140 to 260°C, or 4°C/min from 100 to 150°C, then 6°C/min to 200°C, then 2°C/min to 220°C and then 10C/min to 260°C; or 4°C/min from 100 to 280°C, depending on the separation.
Both normal and hydroxy fatty acids were identified by comparison with standards and by using the relative carbon numbers (Woodford & van Gent, 1960) . The percentages of the different fatty acids were determined by calculating the peak areas and by using internal standards.
Isolation and hydrolysis of a complex sphingolipid containing inositol and mannose. The lipids were extracted from a suspension (1 vol.) of the isolated cell envelopes by a modification of the method of Lester & Steiner (1968) overnight with 5vol. of ethanol-diethyl ether (3:1, v/v). Light petroleum (b.p. 40-60°C; 3 vol.) and 1 m-KCI (6 vol.) were then added. The mixture was shaken vigorously and the upper phase was removed and kept. The lower phase was re-extracted with the artificial upper phase of a similar water-ethanol-diethyl ether-light petroleum-1 m-KCI system. The combined upper phases were evaporated in vacuo and redissolved in a small amount of the artificial upper phase. Lipid was precipitated by addition of 1 vol. of light petroleum and 2 vol. of ethanol. The neutral lipids and a major fraction of the glycerophosphatides remained in the supernatant. Further purification was obtained by repeating the procedure several times. The final product was precipitated with 2 vol. of ethanol from a solution containing pyridine at a final concentration of 30%.
Such sphingolipid preparations were rather resistant to acid hydrolysis, and a two-stage procedure was the most effective. The sphingolipid was first refluxed for 6h with methanolic 2M-HCI (Sweeley & Moseatelli, 1959) . Water (0.5vol.) was added to the cooled hydrolysate, and the lipids were then extracted three times with an equal volume of chloroform. The extracts were evaporated and the lipid was refluxed for 2h with 5% methanolic HCI. A methyl ester fraction and a long-chain base fraction were isolated, substantially as described by Kates (1964) . The lipid-free methanol-water phase obtained after the first stage of the hydrolytic procedure contained phosphorus, inositol and mannose, with only traces of glycerol.
G.l.c. of carbohydrates. Hexoses and inositol were analysed by g.l.c. after conversion into their trimethylsilyl ethers as described by Carter & Gaver (1967) . The column used was 3% SE-52 on Chromosorb W AW (80-100 mesh). The free hexoses were obtained after hydrolysis with 0.5M-H2SO4 for 6h at 105°C. Lipophilic material was removed by partition with chloroform and the aqueous phase was deionized, neutralized and dried. Hexoses were then analysed by g.l.c. by the method of Sweeley, Bentley, Makita & Wells (1963) . The monosaccharides were determined after methanolysis as methyl glycosides by g.l.c. by the method of Penick & McCluer (1966) . Inositol was determined by g.l.c. after hydrolysis with 6M-HCI for 48h at 120°C (Roberts, 1967) .
Separation and determination of the total neutral lipid, the total glycerophosphatides and some glycolipids. 2mm beads overnight at room temperature and, after filtration, washing with NaCl by the method of Folch et al. (1957) . A preliminary fractionation was performed on a silicic acid column after conversion of the polar lipids into their sodium salts by ion-exchange treatment (Carter & Weber, 1966) (Stahl, 1963) . The column eluates were freed from solvent by evaporation, and the appropriate fractions, representing neutral lipids, neutral glycolipids, glycerophosphatides and acidic glycolipids, were combined. The neutral-lipid fraction and glycerophosphatide fraction were deacylated by mild alkali treatment, as in the case of the neutral extract (I) in Table 1 . The neutral glycolipids were subjected to acid methanolysis (anhydrous methanolic 0.5M-HCI, 24h, 75°C), and the acidic glycolipids were refluxed for 6h with methanolic 2 m-HCI. The methyl esters of fatty acids were then isolated and analysed by g.l.c. as described above. Other methods. Hexoses were first estimated by an anthrone procedure (Pfaffli & Suomalainen, 1960) , and then hexoses and inositol by g.l.c. Long-chain bases were measured with sphingosine as a standard by the method of Lauter & Trams (1962) . Phosphorus was determined by the method of Kolb, Weidner & Toennies (1963) . Glycerol was determined by the method of Mizsei, Igloy & Veress (1964) . Other methods used are described in the Results section.
RESULTS
The results obtained with the fatty acid extracts I, II and III, and the fatty acid composition of a complex glycosphingolipid isolated from the whole envelopes, are shown in Table 1 . Because the fragments of the plasma membrane are present in the whole envelopes but absent from the clean cell walls, the total yield of fatty acids from the whole envelopes was markedly higher than that obtained from the clean cell walls. G.l.c. and parallel gravimetric determinations revealed that the total fatty acid content of the cell wall proper is only about onethird of that of the whole envelopes. Even under favourable isolation conditions, however, the plasma membrane only partially remains in the isolated whole yeast envelopes (cf. ; therefore the difference of total fatty acid content between the plasma membrane and the cell wall proper must be even greater. The so-called 'free lipids' can be extracted directly with neutral organic solvents (neutral extract, I). They consist of mono-, di-and tri-glycerides, free and esterified sterols (principally ergosterol), free fatty acids, various glycerophosphatides and carbohydrate-containing lipids. Glycerophosphatides and sterols are absent from the cell wall proper, and therefore the percentage of fatty acids liberated by neutral extraction (extract I) was higher for the whole envelopes. By using acidic extraction (extract II) and finally alkaline extraction (extract III) it was possible to obtain a far higher yield of the total fatty acids, but these quite vigorous hydrolytic methods, which are necessary to extract the fatty acids from firmly bound lipids, are probably not suitable for isolating the native parent lipids. Because the percentage of fatty acids liberated with these last extractions (extracts II and III) was higher when the material extracted was the clean cell walls, it can be concluded that the firmly bound lipids are priincipally associated with the cell wall proper.
Qualitatively, the fatty acids of the whole envelopes and the clean cell walls were similar in composition (Table 1) . The major fatty acids were C16 and C18 acids, but an increased proportion of C18 acids was found in the whole envelopes. This agrees with our observation that Cl5:1 acid predominates in the yeast plasma membrane fraction (Suomalainen & Nurminen, 1969 , 1970 . The whole envelopes contained fatty acids with more than 18 carbon atoms in a higher proportion than did the ordinary cell walls, but qualitatively the content of these long-chain fatty acids was rather similar in the two cases. The principal long-chain fatty acids were2-hydroxy-C26:0acidandC26:0acid. Thewhole envelopes contained a higher proportion of 2-hydroxy-C26:0 acid than did the clean cell walls, which were in turn somewhat richer in C26:0, C22:0 and C20:0 acids. The branched-chain fatty acids are most probably present among the unidentified fatty acids, as suiggested by Baraud, Maurice & Napias (1970 To obtain further information, especially about the origin of the long-chain fatty acids, various lipid fractions were isolated; among them was the complex glycosphingolipid mentioned in Table  1 . The presence of hydroxy fatty acids in both the isolated cell envelope fractions suggested a connexion with the sphingolipids, which are hydroxy fatty acid esters of long-chain amino alcohols or sphingosines.
The small amount of glycolipids relative to glycerophosphatides in yeast makes direct chromatographic analysis of the glycolipids difficult, and therefore we first tried to degrade the interfering glycerophosphatides. Sphingolipids are relatively stable to base, but glycerophosphatides are not. However, treatment of our yeast samples with 1 M-KOH at 37°C for 24h (Schmidt, Benotti, Hershman & Thannhauser, 1946; Wagner & Zofesik, 1966a) also resulted in degradation of the glycolipids. Trevelyan (1966) has shown that during the autolysis induced in yeast by treatment with toluene most of the glycerophosphatides are extensively degraded, since lipolytic enzymes are activated during autolysis. In fact, we have demonstrated the existence of phospholipase and lipase activities in the isolated cell envelopes of baker's yeast (=12.1%) * 2-Hydroxy-Cl8 acid is included because its retention time was longer than that of C19:0 acid. soluble in lower alcohols, and removal of the residue of neutral lipids and other glycerophosphatides can be completed by precipitation with propan-2-ol. A glycolipid-rich fraction could be obtained from the propan-2-ol-insoluble fraction by solvent fractionation with chloroform-methanol (1: 1, v/v) as described by Trevelyan (1968) . In fact, higher yields of a complex sphingolipid containing inositol and mannose were obtained when it was isolated by a fractionation method based on differential solubility without any alkaline hydrolysis or autolysis, as described in the Experimental section.
The analysis showed that the complex sphingolipid isolated from the whole cell envelopes (Table  1) Suomalainen, unpublished work) on the basis of its chromatographic properties, of the presence of a long-chain base and of sugar, and by using a sensitive spectrophotometric method for determining sulphatide (Kean, 1968) . The high content of 2-hydroxy-C26 acid is obviously due to the complex inositol-and mannose-containing sphingolipid described above (cf. Table 1 ). DISCUSSION The most significant observation made during the present study is that the fatty acids with more than 18 carbon atoms and several glycolipids are present in the isolated cell envelope fractions of yeast. The firmly bound lipids are evidently principally associated with the ordinary cell wall (cf. Table 1), which also contains mono-, di-and tri-glycerides and a part of a complex inositol-and mannose-containing glycosphingolipid. This glycosphingolipid is also present in the yeast plasma membrane, as are several other glycolipids and all the sterols and glycerophosphatides found in the whole cell envelope, together with a part of the mono-, di-and tri-glycerides. The principal fatty acids with more than 18 carbon atoms found were 2-hydroxy-C26:0 acid and C26:0 acid, both mainly present in the complex inositol-and mannosecontaining glycosphingolipid isolated from the cell envelopes. In this respect this lipid differs from a mycoglycolipid isolated from the whole cells of S. cerevisiae by Wagner & Zofesik (1966b) . They found 2-hydroxy-C24:0, 2-hydroxy-C22 :0 C26:0, C24:0, C22:0 and C20:0 acids in their mycoglycolipid, in order of decreasing concentration. The same fatty acids, in addition to 2-hydroxy-C26 0 and C26:0 acids, were also present in our preparations, but in smaller amounts. The exact nature of the long-chain bases remains to be determined; however, these will probably be quite similar to those reported by Wagner & Zofesik (1966b) for their mycoglycolipid for which they proposed the following tentative structure: mannose-inositol-phosphate-ceramide. The neutral lipids amounted to over 50% and glycerophosphatides to about 30% of the total fatty acid content of the whole envelope, C16 and C18 acids being the major fatty acids in these lipid groups. The neutral glycolipids, which were detected in very small amounts, but consisted of three different glycolipids, including a cerebroside, contained the highest percentage of fatty acids with more than 18 carbon atoms. The presence of glucose in these glycolipids is noteworthy. Preliminary evidence for the presence in yeast of bacterial-type glycolipids containing glycerol instead of a long-chain base (extensively reviewed by Lederer (1967) and by Shaw (1970) ), has come from Baraud et al. (1970) , who identified chromatographically monogalactosyldiglyceride and sterol glycoside in lipids from S. cerevi8iae. According to their observations, the above glycolipids may be present in this small lipid group and be associated with the yeast plasma membrane. The only report of a glucose-containing glycolipid in yeast has come from Brennan, Flynn & Griffin ( 1970) , who reported the occurrence of acylglucose, the simplest glycolipid, in S. cerevi8iae.
The acidic glycolipids amounted to 14% of the total fatty acid content of the whole envelope. The proportion of fatty acids with more than 18 carbon atoms in this lipid fraction was 15%. The presence of a cerebroside sulphate was demonstrated. The presence of the 2-hydroxy-C20 acid found in the envelope glycolipids has not previously been reported in yeast lipids.
The precise function of fatty acids with 20 to 26 carbons is not known. Evidence from the fatty acid composition of milk cerebrosides supports the proposal that such fatty acids of the sphingolipids contribute to the stability and cohesiveness of the plasma membrane (Kayser & Patton, 1970) .
